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INTRODUCTION
The evolution of complex life from anaerobic ancestors on this planet was driven in part by the high energy yield of aerobic respiration wherein membrane-bound electron transfer from NADH to molecular oxygen is coupled in a highly efficient manner to conserve energy in the form of a proton motive force. NADH oxidation is catalyzed by proton-pumping complex I (or NADH quinone oxidoreductase) (Hirst, 2013; Letts and Sazanov, 2017; Sazanov, 2015) . Some anaerobic archaea lacking complex I instead use a sodium-pumping mechanism to provide chemical potential for ATP synthesis . Typical examples are the 14-subunit membrane bound hydrogenase (MBH) (Sapra et al., 2003; Schut et al., 2016b) of the hyperthermophile Pyrococcus furiosus and the closely related 18-subunit formate hydrogen lyase (FHL) (Lim et al., 2014) and 16-subunit carbon monoxide dehydrogenase (CODH) (Schut et al., 2016a) of Thermococcus onnurineus. CODH and FHL enable T. onnurineus to grow using only formate or CO as its sole energy (ATP) source. MBH, FHL, and CODH all evolve H 2 gas and contain group 4 [NiFe]-hydrogenase modules. They differ mainly in that FHL and CODH have additional subunits that enable formate or CO, respectively, to serve as electron donors (Lipscomb et al., 2014; Schut et al., 2016a Schut et al., , 2016b . Hence, MBH oxidizes reduced ferredoxin generated by sugar fermentation and evolves H 2 gas whereas FHL and CODH oxidize formate or CO to evolve H 2 . In all cases, the redox reaction leads to H 2 production and generates a sodium ion gradient across the cell membrane (Kim et al., 2010; Lim et al., 2014; Mayer and Mü ller, 2014; Sapra et al., 2003) . The membrane potential established by these membrane complexes is subsequently utilized by a Na + -driven ATP synthase Pisa et al., 2007) . Consistent with the similar mechanism of energy conservation among these complexes, both FHL (Lipscomb et al., 2014) and CODH (Schut et al., 2016a) have been heterologously expressed in P. furiosus, and the organism is then able to evolve H 2 by oxidizing either formate or CO as a source of energy for growth. Indeed, stimulation of H 2 evolution by Na + ions has been experimentally demonstrated both with FHL (Lim et al., 2014) and with MBH ( Figure S1A ).
Complex I and these MBH-type respiratory complexes are evolutionarily related and share an ancestral root, which is generally considered to be the Mrp antiporter (multiple resistance and pH antiporter) ( Figure 1A ) (Efremov and Sazanov, 2012; Hedderich, 2004; Sazanov, 2015) . Many of the membrane-embedded ion-translocating subunits of these complexes clearly have a common ancestor (Table 1) . For example, the MBH subunits D and E together, G, and H correspond to the Thermus thermophilus complex I (NADH:quinone oxidoreductase, Nqo) subunits Nqo10, Nqo11, and Nqo14, and the C-terminal region of MrpA, MrpC, and MrpD of the Bacillus subtilis Mrp antiporter, respectively. Interestingly, complex I lack subunits corresponding to the MBH subunits A, B, C, and F and Mrp subunits E, F, G, and B (Table 1) (Schut et al., 2013 (Schut et al., , 2016b . The Mrp antiporter system belongs to cation:proton antiporter-3 (CPA3) family. It provides resistance to high Na + stress through a H + /Na + exchange mechanism and plays an essential role in numerous bacteria, including pathogens, although its molecular mechanism remains a mystery due to lack of a Mrp structure (Kosono et al., 2005; Krulwich et al., 2011; Morino et al., 2008 Morino et al., , 2010 Swartz et al., 2005) . Notably, except for MrpA, six out of the seven Mrp subunits have homologs in MBH (Table 1) , suggesting a shared Na + translocation core module between these complexes (Schut et al., 2013 (Schut et al., , 2016b . Here, we have used the MBH from the anaerobic hyperthermophilic microorganism Pyrococcus furiosus. This grows optimally near 100 C in marine volcanic vents and has been proposed to represent an ancestral life form (Nisbet and Sleep, 2001) . MBH accepts electrons from reduced ferredoxin (E m $À480 mV) and reduces protons to hydrogen gas (H + /H 2 , E o 0 = À420 mV, pH 7) McTernan et al., 2014) . The energy that is conserved (DE = 60 mV; 12 kJ/mol/2e À ) is only $15% of that conserved by complex I (DE = 420 mV; 81 kJ/mol/2eÀ), which uses NADH as the electron donor (NAD/NADH, E o 0 = À320 mV) and reduces the much higher potential acceptor ubiquinone (E m +100 mV) (Efremov and Sazanov, 2012) . The 14 MBH subunits are named alphabetically (MbhA-MbhN) and together they make up a molecular mass of $300 kDa (McTernan et al., 2014) . Like complex I, MBH has peripheral and membrane arms. Four subunits (MbhJ, MbhK, MbhL, and MbhN) are predicted to be exposed to the cytoplasm and form the peripheral arm while the remaining ten (MbhAMbhI, MbhM) are predicted to be integral membrane proteins forming the membrane arm (Schut et al., 2013 (Schut et al., , 2016b . The peripheral arm contains the catalytic [NiFe] site (in MbhL) together with three iron-sulfur clusters (in MbhN and MbhJ). MbhL and MbhJ show surprisingly low sequence homology to the corresponding subunits in the other three types of [NiFe] hydrogenase but they are homologous to the quinone-reducing Q-module of complex I (Schut et al., 2013 (Schut et al., , 2016b . These peripheral arms are involved in coupling electron transfer to hydrogen gas production and ubiquinone reduction, respectively (Schut et al., 2013 (Schut et al., , 2016b . Structural knowledge of an ancient respiratory complex such as the MBH would be invaluable to understanding the functional relationships among the anaerobic Table S1 , and Videos S1 and S2. Figure S5B ). b MbhI C-terminal lateral helix and TMH2 is homologous to Nqo12 C-terminal lateral helix and TMH16 ( Figures 3D and S4I ). c MbhD and MbhE together are homologous to Nqo10 ( Figures 3D and S4H ).
H 2 -evolving membrane complexes (MBH, FHL, and CODH) and the path that led to the evolution of complex I of the aerobic respiratory chain. Therefore, we determined the structure of the MBH by cryo-EM single particle reconstruction and derived a 3.7-Å resolution atomic model.
RESULTS

Structure Determination
We modified the 14-gene operon encoding MBH with an insert at the N terminus of mbhJ encoding an affinity tag (His 9 ) ( Figure 1B) . The affinity-tagged MBH complex was natively expressed in and purified from P. furiosus (Figures S1C-S1E ; STAR Methods). Cryo-EM of the MBH resulted in a 3D density map at an average resolution of 3.7 Å ; however, the transmembrane region has a better resolution of $3.3 Å (Figures 1C and S2 ; Table S1 ; Video S1). Most loops and many side-chain densities were well resolved in the experimental electron density map allowing de novo model building for 2,470 out of the total 2,502 residues of the complex ( Figure S3 ). A 32-residue flexible loop region of MbhI (residues 42-73) was not as well resolved and only allowed for main chain tracing ( Figure S3I ). Like complex I, MBH adopts an L-shaped structure with dimensions of 120 Å *130 Å *60 Å with a peripheral arm and a membrane arm (Figures 1C and 1D ; Video S2). The MBH atomic model represents the first structure of a group 4 [NiFe]-hydrogenase.
Membrane Arm
The membrane arm of MBH contains 44 transmembrane helices (TMH) from 10 membrane-embedded subunits, MbhA-MbhI and MbhM ( Figures 1D and 2 ). The largest membrane subunit is MbhH and this features 14 TMH. Its TMH4-TMH8 and TMH9-TMH13 form two inverted folding units (Figures 2A and 2B ) and each of these two 5-TMH units features a discontinuous 4 th helix, TMH7, and TMH12, respectively. This fold with two discontinuous helices and internal symmetry is typically found in antiporter-like subunits of complex I (Baradaran et al., 2013; Zhu et al., 2016; Zickermann et al., 2015) . Indeed, subunit H is homologous to the antiporter-like subunits T. thermophilus Nqo14, Nqo13, and Nqo12 and mammalian ND2, ND4, and ND5 (Figure 2A) , which are proposed to translocate protons (Baradaran et al., 2013; Hirst, 2013; Sazanov, 2015; Zhu et al., 2016; Zickermann et al., 2015) . Therefore, we suggest a similar role for subunit H in MBH. Loosely packed against the H subunit is the M subunit and this has eight TMH and anchors the peripheral arm. The M subunit also contains a 5-TMH fold: TMH2-TMH6 with a discontinuous 4 th a-helix (TMH5). This is similar to subunit Nqo8 of complex I ( Figures 2C and 2D ), consistent with their predicted homology (Schut et al., 2013) . However, it is unclear if subunit M contributes to ion translocation because it is largely separated from the main ion-translocating module by a sizable gap that appears filled by two phospholipid molecules ( Figures  S4A-S4D ). Unexpectedly, a bridging subunit I ties together the otherwise separated main ion-translocating module and the subunit M-anchored peripheral module ( Figure 3A ). Located at the distal region of the membrane arm of MBH are seven smaller subunits, A-G, that are homologous to Mrp antiporter subunits ( Figure 3A ; Table 1 ) (Schut et al., 2016b) .
Remarkably, MBH subunits B, C, D, and G each fold into a three-helix sheet-like structure and they pack sequentially to form four contiguous layers (Figure 2E ). Subunit G is sandwiched between TMH1 and TMH2 of subunit E. Subunit F contains four TMHs; two (TMH3 and TMH4) are exposed to the lipids and the other two (TMH1 and TMH2) are internal, tilted, and contact the four TMH3 of subunits B, C, D, and G. At the distal end of the complex, subunit A starts with two short TMH that pack against TMH3 of subunit C and TMH1 of subunit F, followed by a long lateral helix (HL) (V60-I88), and ends with a cytosolic ferredoxin-like domain that wraps around the three TMHs of subunit C. The subunit F ferredoxin-like domain lacks the Cys residues necessary to coordinate an iron-sulfur cluster and indeed no such cluster was found in our structure. The function of this domain is currently unknown.
The Potential Proton Translocation Subunits in the MBH Membrane Module
By aligning the homologous antiporter-like MBH subunit H with Nqo14 of complex I, we identified a common core between these two respiratory complexes ( Figures 3A-3D ): subunit H corresponds to Nqo14, G to Nqo11, and D and E combined together correspond to Nqo10 (Figures S4E-S4H) . Notably, the MBH core is rotated 180 in-membrane with respect to that of complex I ( Figures 3A and 3B) , giving rise to the apparently distinct architectures of the two complexes: the membranebound peripheral module is located to the left of the core in MBH, whereas the peripheral module in complex I is at the right side of the core ( Figure 3C ). Except for this 180 in-membrane relative rotation, the two common cores are highly similar and share several important structural details: (1) MBH subunit D contains a p-bulge in the middle of TMH3 ( Figure S4H ); this is a structural feature observed in the corresponding TMH3 of Nqo10 of complex I from various origins (Efremov and Sazanov, 2011; Zhu et al., 2016; Zickermann et al., 2015) ; (2) MBH subunit I anchors the discontinuous TMH7 of subunit H via its middle lateral helix and the C-terminal region of TMH2 ( Figure 3A) ; this resembles another important feature observed in the complex I structures-the anchoring of Nqo12 onto Nqo14 ( Figures 3D and  S4I ) (Baradaran et al., 2013; Zhu et al., 2016; Zickermann et al., 2015) ; and (3) two chains of polar and charged residues form two putative hydrophilic channels across the membrane arm: one within the antiporter-like subunit MbhH and the other within the small subunits D, E, and G ( Figure 3E) . They contribute two possible proton translocation pathways, which are connected via a hydrophilic central axis across the interior of this membrane core. Although there is controversy over the proton path across the small subunits in complex I (the counterparts of MbhD, MbhE, and MbhG) (Baradaran et al., 2013; Efremov and Sazanov, 2011; Kaila et al., 2014; Sazanov, 2015; Zickermann et al., 2015) , the proposed proton paths and the central hydrophilic axis within this core MBH module are generally consistent with what has been proposed in complex I (Baradaran et al., 2013; Efremov and Sazanov, 2011; Fiedorczuk et al., 2016; Zhu et al., 2016; Zickermann et al., 2015) . In summary, given the structural correspondence described above, we suggest that this core (subunits D, E, G, and H) identified in MBH is a module shared with complex I and likely functions in proton translocation. (legend continued on next page)
Peripheral Arm and Evolutionary Relationship with Complex I
The MBH peripheral arm transfers electrons from ferredoxin to reduce protons to form H 2 gas (Sapra et al., 2003) . This arm contains cytosolic subunits J, K, L, and N that are associated with the membrane by docking on integral membrane subunit M. The five subunits together are referred to as the membraneanchored hydrogenase module . The MBH subunits L and J are equivalent to the large and small subunits, respectively, of the heterodimeric core present in all known [NiFe]-hydrogenases, but their structural (and sequence) similarity are limited only to the regions that coordinate the [NiFe]-catalytic site and its proximal [4Fe-4S] cluster ( Figure S5A ) (Hedderich, 2004) . Indeed, the MBH hydrogenase module is much more similar in both sequence and structure to the hydrophilic Q-module and the associated membrane Nqo8 subunit of complex I ( Figure S5B ). These observations support the concept of modular evolution of complex I from an H 2 -evolving ancestor (Efremov and Sazanov, 2012; Schut et al., 2013 Schut et al., , 2016b ).
As described above, the hydrogenase module and the protontranslocating membrane module are bridged by MBH subunit I, which is equivalent to a combination of the N-terminal region of Nqo7 and the C-terminal region of Nqo12 of complex I ( Figures  3D and S5B ). The TMH1 of subunit I and Nqo7 are superimposable, but their second and third a helices are configured differently: in Nqo7 they are both TMHs whereas in MBH subunit I the second a-helix is amphipathic and horizontal and only the third helix is a TMH ( Figure 4D ). Both MbhI and Nqo7 feature a long loop adjacent to their respective redox active sites. The MBH subunits L, J, M, and I enclose a chamber that is equivalent to the quinone-binding chamber in complex I ( Figure S5B ) (Baradaran et al., 2013; Zickermann et al., 2015) . The entry to the chamber is open in complex I for quinone diffusion, but is sealed off in MBH by several bulky residues, such as F47 and F50 of subunit M ( Figure S5C ).
The MBH peripheral arm lacks the equivalent of the so-called N-module of complex I, which are the three additional subunits (Nqo1-Nqo3) that oxidize NADH and, via flavin and multiple iron-sulfur clusters, channel electrons to the Q-module (Figure S6A) . The four Q-module subunits of complex I each contains an insertion loop that interacts with the N-module but these loops are not found in the homologous MBH subunits (J, K, L, and N; Figures S6B-S6E ). These structural features confirm the evolutionary relationship between the MBH and complex I and support the proposal that the N-module is the latest addition in the evolution of complex I from a ferredoxin-oxidizing, hydrogen-gas evolving respiratory complex (Efremov and Sazanov, 2012; Moparthi and Hä gerhä ll, 2011; Schut et al., 2016b Schut et al., , 2013 .
A Possible Proton Reduction Mechanism of the Hydrogenase Module
In the MBH peripheral arm, the three [4Fe-4S] clusters form a chain and extend from the proposed ferredoxin-binding site by $40 Å toward the interior [NiFe] site that catalyzes proton reduction to generate H 2 gas ( Figure 1D, inset) . The edge-toedge distances between the neighboring clusters are smaller than 12 Å thereby allowing efficient electron tunneling (Page et al., 1999) . The distal and medial [4Fe-4S] clusters are each coordinated by four Cys in subunit N, in a manner similar to the coordination of N6a and N6b [4Fe-4S] clusters in complex I Nqo9 ( Figure S5D ). The [NiFe]-site and its proximal [4Fe-4S] cluster are also individually coordinated by four Cys in subunit L and J, respectively. This coordination scheme resembles the distantly related dimeric hydrogenase core but it is different from that in complex I Nqo4 as this lacks all four of the Cys that coordinate the NiFe cluster in MbhL (Sazanov and Hinchliffe, 2006) (Figures S5E and S5F ). In the core of dimeric [NiFe]-hydrogenases, the proton is proposed to be transferred between a Cys and a nearby Glu (Dementin et al., 2004; Fontecilla-Camps et al., 2007) . In MBH, E21 of subunit L likely plays the role of the Glu and donates a proton to the nearby C374 ( Figure 4B ). These two residues are invariably conserved among known members of group 4 hydrogenases ( Figure 4C ). Upstream of E21, the proton is probably taken up from the bulk solvent and transferred via b2 and b3 strands of subunit L, involving residues E23, K24, D38, K40, and Y43 ( Figure 4B ). Hence, although the overall sequence similarity between the dimeric cores of group 4 MBH and the other three groups of NiFe-hydrogenases is extremely low, their proton pathways may be conserved (Ogata et al., 2015; Shomura et al., 2011) .
Two Potential Sodium-Binding Sites in MBH and Their Evolutionary Relationship with the Mrp Antiporter
The overall sequence identities between the Mrp subunits of the mesophilic bacterium Bacilus subtilis and their MBH counterparts range from 22%-28% but there are highly conserved regions between MrpB, MrpC, MrpD, MrpE, MrpF, and MrpG and the MBH subunits F, G, H, A, B, and C, respectively (Figure S7 ; Table 1 ). Interestingly, MBH subunits D and E together appear to correspond to the C-terminal region of MrpA (Figure S7F ). Mrp can be separated into two stable sub-complexes, MrpA-MrpD and MrpE-MrpG (Morino et al., 2008) . This organization is consistent with the structure of MBH in which the corresponding MBH subunits D-H and A-C are packed together, respectively ( Figure 3A) . Notably, we identified two negatively charged cavities in MBH subunits A-C and F ( Figure 5A ), and these four subunits are equivalent to MrpE-G and MrpB, homologs of which are not present in complex I (Table 1) . Moreover, (D) Zoomed view of the alignment as in (C) . Subunits within the shared proton-translocation module are shown. Complex I Nqo8 and MBH MbhM are shown as a transparent cartoon. Prominent shared features are labeled, including: (1) the discontinuous TMH7 and TMH12 of MbhH/Nqo14, (2) the lateral helix HL and the following TMH of MbhI/Nqo12 anchored to the discontinuous TMH7, and (3) TMH3 of MbhD/Nqo10 with a p-bulge. (E) Two potential proton translocation paths in the MBH. The discontinuous helices of MbhH (TMH7 and TMH12; featured in antiporter-like subunits of complex I) and the p-bulge helix (TMH3 of MbhD) are shown as cylinders. Polar residues lining the proton path are shown as sticks. Protonatable residues along the horizontal central hydrophilic axis are underlined. A hydrophilic axis across MbhM membrane interior is also identified but it is separated from that in MbhH due to a gap between the two subunits. See also Figure S4 .
we have experimental evidence that MBH subunits A-C are involved in Na + pumping as the deletion strain of P. furiosus lacking these three subunits (Dmbhabc) showed diminished Na + -dependent H 2 evolution ( Figure S1B ). Analyses of the negatively charged cavities in MbhA-MbhC suggest that they likely constitute a sodium ion translocation pathway. The first cavity reaches halfway into the membrane and is lined by the carboxyl group of the invariably conserved D35 of MBH subunit B and by hydroxyl groups of five highly conserved residues: T36 and T72 of B and T39, T42, and T43 of C ( Figures 5B, S7B, and S7C) . Together, these residues could form a six-coordinate site within this cavity, consistent with the binding of a single sodium ion (Kuppuraj et al., 2009) . Another structural feature that supports sodium ion binding is the presence of the conserved P88 of subunit C. It is located adjacent to conserved D35 of subunit B and breaks TMH3 of subunit C into two half-helices (TMH3i and TMH3ii) ( Figures 5A and 5B ). Such a feature (an aspartate residue near the break in the TMH in the middle of membrane) is often found in H + /Na + antiporters (Coincon et al., 2016; Hunte et al., 2005; Lee et al., 2013; Wö hlert et al., 2014) . Indeed, MBH subunit C P88 is equivalent to P81 in MrpG and in a previous study it was demonstrated that the H + /Na + antiporter activity of Mrp was abolished when P81 is substituted by an alanine or a glycine (Morino et al., 2010) . Adjacent to and directly interacting with the potential sodium ion-binding cavity in MbhABC is a conserved loop (119-TPGT/ S-122) in the subunit A ferredoxin-like domain. Mutations of MrpE T113Y and P114G, equivalent to T119 and P120 of MBH subunit A, were found previously to significantly reduce the Mrp H + /Na + antiporter activity (Morino et al., 2010) . Interestingly, this first potential Na + -binding site in MBH faces the cytoplasm and is closed by a conserved salt bridge between D29 of subunit B and R34 of subunit C ( Figure 5B) . If the first cavity is truly a Na + -binding site, one might further speculate that two adjacent aspartate residues, D29 of subunit B and D30 of subunit C, may function to concentrate Na + ions. Adjacent to the potential Na + concentrator D29 is the conserved R30 of subunit B that stabilizes a loop around the cavity entrance. Mutations D32A and R33A in MrpF, equivalent to D29 and R30 of MBH subunit B, either abolished (D32A) or reduced (R33A) the H + /Na + antiporter activity (Morino et al., 2010) .
The second negatively charged cavity in MBH is enclosed by TMH1 of subunit A, TMH3 of subunit B, TMH3 of subunit C, and a loop of subunit F containing the GHxxPGGGF motif that is highly conserved in Mrp antiporters ( Figures 5A, 5C , and 5E). Several positively charged residues line the cavity, and because this cavity faces the outside of the cell, we propose that these residues may facilitate the release of Na + ions ( Figures 5C and   5D ). The conserved and potentially Na + -coordinating D59 of subunit B in the cavity is 15 Å above the exit face and 18 Å below the potential Na + -coordinating D35 of subunit B in the first cavity. The two Na + -binding cavities are separated by several hydrophobic residues. Therefore, if the two cavities are indeed the Na + binding sites, a conformational change would be required during a H + /Na + translocation cycle. Interestingly, subunit F contains a pair of tilted helices (TMH1-2) that bridge the potential Na + -translocating module with the proton-translocation subunit G via hydrophobic interactions, and may just play such a role ( Figures 5C and 5E ). Consistent with this scenario, mutations that disrupt the interactions in the Mrp system, such as MrpB F41A and MrpC T75A, equivalent to F39 of MBH subunit F and T81 of MBH subunit G, resulted in a reduced tolerance of the microbes to Na + (Morino et al., 2010 ).
As noted above, MrpA is the only Mrp subunit that does not have a homolog in MBH (Table 1) . MrpA and MrpD are both homologous to the antiporter-like Nqo12-Nqo14 subunits of complex I (Sazanov, 2015) , where the latter are proposed to pump protons in complex I (Baradaran et al., 2013; Fiedorczuk et al., 2016; Zhu et al., 2016; Zickermann et al., 2015) . Furthermore, MrpA-MrpD was previously shown to form a stable sub-complex (Morino et al., 2008) . On the basis of these analyses, we suggest that the Mrp antiporter has an extra proton path within MrpA, in addition to those within the H + translocation module shared with MBH ( Figure 6 ; Table 1 ). Therefore, from an evolutionary perspective, MrpA appears to have been replaced by the membrane-anchored hydrogenase module-the peripheral arm attached to subunit M in MBH-converting the secondary antiporter system into a system that couples a redox reaction with ion pumping activity, as now found in MBH.
DISCUSSION
How modern-day complex I evolved is a fundamental yet not well understood question. The cryo-EM structure of MBH as we have described above shows that (1) complex I and MBH share a closely related module in their respective peripheral Figure 1D . TMHs are shown as cylinders and the MbhA ferredoxin-like domain is shown as cartoon. (B) The first cavity is halfway through the membrane where the highly conserved D35 of MbhB resides. Residues highly conserved between MBH and Mrp system are underlined. Detailed sequence alignment is shown in Figure S7 . (C) The second cavity is at the extracellular side where the highly conserved MbhB D59 is located. The extracellular linker TMH1-TMH2 of MbhF packs against MbhG via hydrophobic interactions, shown by the shaded area, and constricts the size of the cavity opening to the solvent. For (B) and (C) , Residues highly conserved between MBH and Mrp system are underlined. Detailed sequence alignment is shown in Figure S7 . arm that reduces either protons (MBH) or quinone (complex I), which is similarly anchored to one membrane subunit (Figure S5B) ; (2) MBH shares a potential proton-translocation module with complex I, despite the fact that the proton translocating module within each of these complexes is turned around with respect to their respective peripheral module ( Figures 3A and  3B) ; and (3) both respiratory systems show bimodular architecture and the two modules are tied together by a similar linking structure at the peripheral arm involving MBH subunit I and complex I Nqo7 ( Figures 3A, 3B , and S5B). However, the linking mechanism is different at the membrane arm: two TMHs of Nqo7 in complex I are replaced by a lateral helix and one TMH of MBH subunit I ( Figure S5B ), possibly arising from the different orientation of the proton-translocation module between MBH and complex I ( Figures 3A and 3B) . A major distinction between the two complexes is a proposed sodium ion translocation unit that is absent in complex I but resides in subunits A-C and F in MBH and is shared with the Mrp antiporter ( Figure 6 ; Table 1 ).
Therefore, it appears that MBH evolved from the Mrp antiporter by acquiring the membrane-bound hydrogenase module with the concomitant loss of MrpA ( Figures 6B and 6C ). One could imagine that complex I may have evolved from Mrp by acquiring a second proton translocation unit with an additional proton path at the expense of the sodium translocation unit, as well as acquiring the ability to reduce quinone in the peripheral arm rather than reducing protons to hydrogen gas ( Figures 6A and  6C ). These insights structurally confirm the long-recognized evolutional relationship among MBH, complex I, and the Mrp antiporter, and supports the hypothesis that they may have evolved by the assembly of prebuilt modules (Efremov and Sazanov, 2012; Hedderich, 2004; Sazanov, 2015) . Because the potential proton-translocation module of MBH is turned around when compared to complex I and is proximal to the redox-reaction site ( Figures 3A and 3B) , it is likely that the released redox energy of ferredoxin oxidation by the hydrogenase module is coupled to pumping out a proton through the first proton path in the adjacent subunit H. Subsequently, the outside proton may flow back in via the second proton path, driving the outward pumping of a sodium ion through the proposed sodium translocation path (Figures 5 and 6B) . Such a scheme is consistent with the Na + -dependent energy conservation mechanism proposed for certain anaerobic archaea, particularly involving the MBH-family member and closely related FHL of T. onnurineus (Kim et al., 2010; Lim et al., 2014; Mayer and Mü ller, 2014; Sapra et al., 2003) .
The structural conservation between MBH and complex I in the redox site is somewhat unexpected, given they utilize very different electron donors and acceptors. We highlight the following three conserved features: (1) Figure 4A ) show good agreement with their counterparts in complex I (Linker b1-b2
Nqo4 , Linker TM1-TM2 Nqo7 ,
and Linker TM5-TM6 Nqo8 ; T. thermophilus) ( Figures 4D and 4E) ;
(2) the hydrogen gas-evolving catalytic [NiFe]-site of MBH (MbhL E21-C374- [NiFe] ) is close to the proposed binding site of the quinone head-group in complex I ( Figure 4D ) (Baradaran et al., 2013) ; and (3) the long Linker TM1-2 I is partially disordered (Figure S3I ), comparable to its counterpart (TMH1-TMH12 loop of ND3) in a structure of the B. taurus complex I (Zhu et al., 2016) . These conserved structural features may suggest a similar energy transduction mechanism between the peripheral and membrane arms in the two complexes (Baradaran et al., 2013; Zhu et al., 2016; Zickermann et al., 2015) . However, the exact molecular mechanism is currently unknown in either system (Berrisford et al., 2016; Brandt, 2011; Hirst, 2013; Hirst and Roessler, 2016; Letts and Sazanov, 2017; Sazanov, 2015; Wirth et al., 2016) . Indeed, the lateral helix linking unit conserved between MBH (helix HL) and complex I is a remarkable feature ( Figure 3D ). Some have suggested that this helix in complex I may function as a coupling rod to transduce the redox potential to proton translocation (Baradaran et al., 2013; Hunte et al., 2010; Sazanov, 2015; Steimle et al., 2011) . However, such a role is debatable based on recent biochemical studies (Belevich et al., 2011; Hirst, 2013; Zhu and Vik, 2015) . It is possible that the required energy transduction in MBH is coupled via the lateral helix of subunit I but it may simply play a structural role by cementing the two MBH subcomplexes into a stable molecular machine.
To summarize, the cryo-EM-derived atomic model of MBH represents a first structure of any respiratory complex directly related to complex I. The MBH structure has illuminated several aspects of the evolutionary relationship between Mrp antiporter and complex I, and will serve as a starting point for mechanistic understanding of these fundamental energy-transducing systems that are ubiquitous in biology.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Pyrococcus furiosus strain MW0414, COM1 and MW0574 were grown in defined maltose medium consisting of 1x base salts, 1x trace minerals, 1x vitamin solution, 2x 19-amino-acid solution, 10 mM sodium tungstate, 0.25 mg/ml resazurin, and 0.5% (wt/vol) maltose, with added cysteine at 0.5 g/liter, sodium sulfide at 0.5 g/liter, and sodium bicarbonate at 1 g/liter; and adjusted to pH 6.8 (Detailed buffer composition was described in the METHODS DETAILS). For protein purification, large-scale growth of P. furiosus strain MW0414 was carried out in a 20-l fermenter at 90 C with constant flushing of 20% (v/v) CO 2 and 80% (v/v) N 2 for 14 hours, while the pH was maintained at 6.8 by the addition of 10% (w/v) sodium bicarbonate.
METHOD DETAILS Expression and purification of MBH
The MBH holoenzyme (S-MBH) was solubilized and purified anaerobically from Pyrococcus furiosus strain MW0414, in which a His 9 -tag had been engineered at the N terminus of the MbhJ subunit. The procedure was as previously described with some modifications (McTernan et al., 2014) . Frozen cells were lysed in 25 mM sodium phosphate, pH 7.5, containing 1 mM DTT and 50 mg/ml DNase I (5 mL per gram of frozen cells). After stirring for one hour, the cell-free extract was centrifuged at 100,000 x g for one hour. The supernatant was removed and the membranes were washed twice using 50 mM EPPS buffer, pH 8.0, containing 5 mM MgCl 2 , 50 mM NaCl, 10% (v/v) glycerol, 1 mM DTT and 0.1 mM PMSF. The membrane pellet was collected by ultracentrifugation at 100,000 x g for one hour after each wash step. The washed membranes were resuspended in 50 mM Tris-HCl, pH 8.0, containing 5 mM MgCl 2 , 50 mM NaCl, 5% (v/v) glycerol, 1 mM DTT, and 0.1 mM PMSF. MBH was solubilized by adding n-dodecyl-b-D-maltoside (DDM, Inalco) to 3% (w/v) followed by incubation at 4 C for 16 hours. The solubilized membranes were centrifuged at 100,000 x g for 1 hour. The supernatant was applied to a 5 mL His-Trap crude FF Ni-NTA column (GE Healthcare) while diluting it 10-fold with buffer A (25 mM sodium phosphate, 300 mM NaCl, pH 7.5, containing 1 mM DTT and 0.03% DDM). The column was washed with 10 column volumes of buffer A and the bound protein was eluted with a 20-column volume gradient from 0 to 100% buffer B (buffer A containing 500 mM imidazole). The eluted protein was further purified by applying it to a 1-mL His-Trap HP Ni-NTA column (GE Healthcare) while diluting it 5-fold with buffer A. A 30-column volume gradient from 0 to 100% buffer B was used to elute the bound protein. The MBH sample was concentrated and further purified using a Superose 6 10/300 GL column (GE Healthcare) equilibrated with 50 mM Tris-HCl, pH 8.2, containing 300 mM NaCl, 2 mM sodium dithionite, and 0.03% DDM.
Deletion of MbhABC
The genetically tractable P. furiosus strain COM1 was used to delete the three genes PF1423-1425. 500 bp flanking regions were amplified from P. furiosus genomic DNA for the UFR and DFR, and the selection marker (pyrF-P gdh ) was amplified by using pGL021 as the template (Lipscomb et al., 2011) . The knock-in cassette was assembled using overlapping PCR (Bryksin and Matsumura, 2010) . The genomic DNA was prepared using Zymobead Genomic DNA Kit (Zymo Research).
P. furiosus transformants were grown in defined maltose media as previously described (Lipscomb et al., 2011) . The maltose medium was composed of 1x base salts, salts, 1x trace minerals, 1x vitamin solution, 2x 19-amino-acid solution, 0.5% (wt/vol) maltose, 10 mM sodium tungstate, and 0.25 mg/ml resazurin, with added cysteine at 0.5 g/liter, sodium sulfide at 0.5 g/liter, sodium bicarbonate at 1 g/liter, and 1 mM sodium phosphate buffer (pH 6. (B 2 ), pyridoxine (B 6 ), and cobalamin (B 12 ) and 4 mg each of biotin and folic acid. The 25x 19-amino-acid solution contained (per liter) 3.125 g each of arginine and proline; 1.25 g each of aspartic acid, glutamine, and valine; 5.0 g each of glutamic acid and glycine; 2.5 g each of asparagine, histidine, isoleucine, leucine, lysine, and threonine; 1.875 g each of alanine, methionine, phenylalanine, serine, and tryptophan; and 0.3 g tyrosine. A solid medium was prepared by mixing an equal volume of liquid medium at a 2x concentration with 1% (wt/vol) Phytagel (Sigma) previously autoclaved to solubilize all chemicals, and both solutions were maintained at 95 C just prior to mixing in glass Petri dishes. Aliquots of P. furiosus culture typically grown to mid-log phase (2 3 10 8 cells/ml) in defined liquid medium were mixed with DNA at a concentration of 2 to 10 ng DNA per mL of culture, spread in 30 mL aliquots onto defined solid medium. Plates were placed inverted in anaerobic jars and incubated at 90 C for approximately 64 hours. Colonies were picked into 4 mL of defined medium in Hungate tubes and incubated anaerobically overnight at 90 C. Genomic DNA, isolated using the Zymobead Genomic DNA Kit (Zymo Research), was used for PCR screening, which was carried out by using GXL polymerase (Takara, ClonTech). PCR screening was performed using a pair of primers outside the Mbh locus in order to confirm that the transformation cassette recombined into the correct locus.
Preparation of Cell Suspensions COM1 and the DMbhABC strain were grown in the defined maltose medium in 1L culture bottles at 90 C with shaking as described previously (Lipscomb et al., 2011) . Cells were harvested by centrifugation at 18,000 x g for 10 minutes in a Beckman-Coutler Avanti J-30i centrifuge. Cell suspensions were created by washing harvested cells with an anaerobic resuspension buffer containing 20 mM imidazole, 30 mM MgCl 2 $6H 2 O, 0.5 M KCl, 2 mM cysteine-HCl, pH 6.5 and resuspending them in the same buffer at cell densities equivalent to OD 600 = 0.6. H 2 Production Assays H 2 production assays are modified from (Lim et al., 2014) . In brief, 2.0 mL of cell suspensions was added to rubber-sealed glass vials and the headspace was flushed with argon. Samples were incubated at 80 C for 3 minutes and the reaction was initiated by the addition of the desired concentration of NaCl from an anaerobic 2 M stock solution. At various times, gas samples were removed by syringe and the amount of H 2 was determined using a 6850 Network Gas Chromatograph (Agilent Technologies). Protein concentrations were measured using the Bradford Protein Assay Dye.
Cryo-EM data acquisition
For cryo-EM analysis, 3 mL aliquots of the purified MBH complex at 2-3 mg/ml was applied to a glow-discharged holey carbon grids (C-Flat Cu CF-1.2/1.3, 400 mesh). The grids were blotted for 3-4 s at 10 C with 95% humidity and flash-frozen in liquid ethane using an FEI Vitrobot IV. Cryo-EM data collection was performed on a 300 kV FEI Titan Krios electron microscopy with a K2 camera positioned post a GIF quantum energy filter. Automated data acquisition was performed with SerialEM (Mastronarde, 2005) and FEI EPU package. Micrographs were recorded in super-resolution counting mode at a nominal magnification of 130,000 3 , resulting in a physical pixel size of 1.09 Å per pixel. Defocus values varied from 1.2 mm to 3 mm. The dose rate was 10.2 electron per pixel per second. Exposures of 6 s were dose-fractionated into 30 sub-frames, leading to a total accumulated dose of 51.7 electrons per Å 2 .
Image processing and 3D reconstruction Two batches of data were collected. Dose fractionated movie frames were motion corrected (globally and locally), dose weighted and binned by 2 fold with MotionCor2 (Grant and Grigorieff, 2015; Zheng et al., 2017) , resulting in summed micrographs in a pixel size of 1.09 Å per pixel. Contrast transfer function (CTF) parameters for each micrograph were estimated by CTFFIND4 (Rohou and Grigorieff, 2015) . RELION-2.0 was used for further processing steps (Kimanius et al., 2016) . Bad micrographs revealed by manual inspection were excluded from further analysis, yielding 2804 and 2155 good micrographs for each dataset. For each dataset, a manually picked sets of particles were subject to 2D classification. This generated templates for reference-based particle picking, which yielded 674,607 and 574,955 automatically picked particles, respectively. Particle sorting and reference-free 2D classification was performed to remove contaminants and noisy particles, resulting in two datasets with 636,689 and 548,230 particles, respectively. Then 3D classification was performed using an ab initio map generated by EMAN2 (Tang et al., 2007) as the initial reference model. For each dataset, one out of 4 classes with high-resolution features was obtained. The two identified good classes were combined as a new set of 301,300 particles, which was subjected to another round of 3D classification. The most populated 3D class (131,679 particles) was subsequently selected for the final 3D auto-refinement with a soft mask including the protein and detergent regions. This generated a map with an overall resolution of 3.7 Å . The resolution was estimated based on the gold-standard Fourier shell correlation 0.143 criterion (Rosenthal and Henderson, 2003) . The final map was corrected for the modulation transfer function (MTF) of the detector and sharpened by applying a negative B-factor, estimated by the post-processing procedure in RELION-2.0. Local resolution distribution was estimated using ResMap (Kucukelbir et al., 2014) .
Atomic model building
Most regions of the map, especially the transmembrane helices of membrane subunits, exhibit sufficient features for de novo model building of MBH, which started from the global assignment of its 14 subunits. Homology models for six subunits (hydrophilic MbhJMbhN and membrane MbhH and MbhM) were generated with the SWISS-MODEL server (Arnold et al., 2006) using the structure of T. thermophilus complex I as a template (PDB ID 4hea) (Baradaran et al., 2013) . They were fitted into the EM map as rigid bodies with CHIMERA (Pettersen et al., 2004) . The assignments of remaining 8 membrane subunits were assisted by their predicted secondary structural features and the excellent main chain connectivity of the map. MbhF, the only membrane subunit with 4 TMHs, was assigned first. Although they all contain 2 TMH, the specific structural features of MbhA, MbhE and MbhI helped to individually locate them to the map. MbhA TM2 is followed by a ferredoxin-like fold, which was predicted by I-TASSER (Yang et al., 2015) . For MbhI and MbhE, their TM1-TM2 linkers were predicted to be quite different: a long loop and a following long amphipathic helix for MbhI; a loop with a short helix in the middle for MbhE. Lastly, MbhB, MbhC, MbhD and MbhG all contain 3 transmembrane helices and they form 4 layers of three-helix bundle together. Among them, MbhC has the longest predicted helices and MbhG TM2-TM3 has the longest loop linker, which helped to locate them on the map. The positioning of last two subunits MbhB and MbhD was assisted by their sequence information.
After the subunit assignment, for the six subunits MbhJ-MbhN, MbhH and MbhM, the fitted homology models were improved by manual adjustments and rebuilding using Coot (Emsley et al., 2010) . For each of the remaining 8 membrane subunits MbhA-MbhG and MbhI, a polyalanine model was first built with Coot and subsequent sequence assignment was mainly guided by bulky residues such as Arg, Tyr, Phe and Trp. In the final MBH model, 2470 of 2502 residues was assigned with side chains. MbhI loop Aa42-73 only allows the tracing of its main chain, which were built as polyalanine.
The refinement of the MBH complex model against the cryo-EM map in real space was performed using the phenix.real_space_ refine in PHENIX (Adams et al., 2010 ). The final model was assessed using MOLPROBITY . All figures were prepared using PyMOL (Schrö dinger, LLC.) and CHIMERA. Statistics of the 3D reconstruction and model refinement were provided in Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation (FSC) criterion (Chen et al., 2013; Rosenthal and Henderson, 2003) .
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the atomic coordinates reported in this paper is PDB: 6CFW. The accession number for the EM density maps reported in this paper is EMDB: EMD-7468. The workflow of cryo-EM data processing. Two datasets, each contains 2804 and 2155 micrographs, respectively, were collected and processed separately during 2D classification and the first round of 3D classification. The best 3D class from these two datasets were combined for the second round of 3D classification. Then the most populated 3D class (131,679 particles, 44% of total particles) was subjected to the final refinement, which resulted in a 3D density map with an estimated resolution of 3.7 A. See STAR Methods for more details. Table 1 The TMH numbers shown above the primary sequences are based on the MBH structure. The predicted secondary structural elements of Bacillus subtilis Mrp subunits are shown below the sequences. Protein sequence sources are Pfu, Pyrococcus furiosus; Bsu, Bacillus subtilis; Bps, Bacillus pseudofirmus; Sau, Staphylococcus aureus; Rme, Rhizobium meliloti; Pae, Pseudomonas aeruginosa; Vch, Vibrio cholera. The filled black triangles mark residues shown in Figure 3E , and the filled black squares mark residues shown in Figures 5B and 5C .
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